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LETTER TO THE EDITOR 
The  Mechanism  of KAa-p Channel  Inhibition  by ATP 
Dear Sir, 
Ribalet  et  al.  (1989)  have  presented  interesting  data  on  the  regulation  of KAav 
channel  activity by phosphorylation,  and  an  intriguing  hypothesis  to  explain  KAy  P 
channel inhibition  by ATP. They propose that the opening and closing of the  KAvp 
channel can be explained by a one-site phosphorylation model, outlined in Fig.  1 A. 
According to the model of Ribalet et al.  (1989),  the opening of the KAXp channel at 
low  [ATP]i  occurs  as  a  result  of channel  phosphorylation  by  a  cAMP-dependent 
protein kinase. At high [ATP]~ this kinase is inhibited by an ATP-dependent protein 
kinase  inhibitor  (PKI) so that background  dephosphorylation leads  to inhibition  of 
channel activity. Any subsequent opening of the channel requires the channel to be 
rephosphorylated  and  consequently  requires  the  presence  of  some  high-energy 
phosphate. The experiment shown in Fig.  1 B appears to refute this hypothesis. The 
experiment was  performed using  a  modified  oil-gate bath  (Qin  and  Noma,  1988; 
Lederer and Nichols,  1989), which allows rapid and complete change of the solution 
bathing the intracellular surface of an inside-out patch of membrane. In each of the 
three  panels,  KAT  P channel  activity is  initially  high  after channel  isolation  into  an 
ATP-free solution. According to the hypothesis being tested, channel activity should 
have disappeared due  to dephosphorylation with no substrate available for rephos- 
phorylation.  We  have observed such  behavior on  isolating membrane patches  into 
ATP-free  solution  in  a  bath  that  has  never  had  ATP  in  it.  In  such  a  case,  it  is 
impossible for a  small residual amount of ATP to be available in the solution.  In the 
continued  absence of ATP,  switching  to a  solution  containing  the  nonhydrolyzable 
ATP analogue AMP-PNP (left panel), the low energy phosphate AMP (middle panel), 
or ATP itself (right panel) all caused rapid channel inhibition. We presume that each 
nucleotide  acted  in  a  similar  manner  to  inhibit  channel  activity. According  to  the 
hypothesis of Ribalet et al.  (1989),  channel activity would be decreased in each case 
because of reduced phosphorylation of the KAaV channel with continued background 
dephosphorylation.  The  critical  observation  with  respect  to  the  hypothesis  being 
tested  is  the  rapid  reactivation  of channel  activity on  switching to  a  nucleotide-free 
solution.  In  each case  a  complete restoration  of channel  activity is  seen when  the 
patch  is  returned  to  the  nucleotide-free  solution.  According  to  the  hypothesis  of 
Ribalet et al. (1989),  reopening of the KAVp channel should not occur in at least the 
first  two  of these  experiments,  because  on  exposure  to  a  nucleotide-free  solution 
(after having been exposed to AMP or AMP-PNP) the catalytic subunit will have AMP 
or  AMP-PNP  bound,  and  no  high  energy  phosphate  is  available  to  reprime  the 
catalytic subunit and rephosphorylate the channel. Fig.  1 C shows that the extent and 
time  course  of recovery  from  repeated  addition  or  removal  of AMP-PNP  remain 
constant for at least 1 min after removal from an ATP-containing solution. Thus, the 
results shown in Fig.  1, B and C, and, for instance,  Fig. 8 of Dunne et al. (1988)  are 
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FIGURE  1.  (A)  Model  of  KAr  P 
channel  regulation  according 
to  the  hypothesis  of Ribalet et 
al.  (1989).  In  the  absence  of 
phosphorylation,  channels  are 
closed.  When  phosphorylated, 
channels  are  activated  (shifted 
to  a  gating  mode  with  high 
open probability). Dephosphor- 
ylation is responsible for chan- 
nel closure at low [ATP]  ("run- 
down")  and  at  high  [ATP] 
("inhibition").  (B )  Reversible 
channel closure on exposure to 
nucleotides.  Records  of  Kmp 
channel  current  from  isolated 
inside-out  membrane  patches 
from  rat  ventricular  myocytes. 
Channels are completely closed 
on  exposure  to  2  mM  adenyl- 
limido  diphosphate,  "AMP- 
PNP"  (left),  50  mM AMP (m/d- 
die),  or  1  mM  ATP  (right).  In 
each  case,  channels  reopen 
fully  on  removal  of the  nucle- 
otide.  In each case the calibra- 
tion bars represent  2  s  and  10 
pA. The experiments were per- 
formed  at  room  temperature. 
The  patch  electrode  contained 
4  mM  K +  and  the  bath  con- 
tained  140 mM  K +.  The mem- 
brane  potential was  0  inV.  (C) 
Recovery of channel activity on 
removal  of nucleotides  can  be 
observed  for  many  seconds  al- 
ter removal fi'om ATP-contain- 
ing  solution.  Records  of  KA] P 
channel  current  from  inside- 
out membrane patches from rat 
ventricular myocytes.  Channels 
were  isolated  into  nucleotide- 
free solution. On exposure to  1 
mM  AMP-PNP  (indicated  by  bar  above  record)  channels  were  rapidly  inhibited.  Channel 
activity rose back to maximal on removal of AMP-PNP.  The patch was exposed  to AMP-PNP 
two more times before being exposed to 0.5 mM ATP. The calibration bars represent 10 s and 
30 pA. The conditions were as  in B  above.  (D) Alternative model of KAT  e channel regulation. 
Channels require phosphorylation to be activated. Channels are closed by the binding of ATP 
(or other nucleotide) and on removal of ATP channels open as nucleotide unbinds. This model 
explains why a  gradual run-down of channel activity occurs at very low [ATP] (because there is 
no high energy phosphate to support phosphorylation), but also explains how rapid, reversible 
blockade by ATP and other nucleotides can be obtained. LETTERS TO THE EDITOR  1097 
not compatible in any  simple  ~ way with  the hypothesis of Ribalet et al.  (1989)  and 
suggest that a  different model may be needed to explain the channel behavior. 
Fig.  1 D  illustrates a  simplified model of channel  regulation that can  account  for 
the data presented by Ribalet et al. (1989) as well as the result shown in Fig.  1 B.  In 
this  model  there  are  two  kinds  of interactions  of ATP with  the  KA~ channel.  The 
channel cannot open without a  necessary phosphorylation step (the only step in the 
model of Ribalet et  al.,  1989).  This  phosphorylation-dephosphorylation transition 
constitutes what has been termed "run-down"  and "run-up" by various investigators 
(Trube and Hescheler,  1984;  Findlay and Dunne,  1986;  Misler et al.,  1986;  Findlay, 
1987; Ohno-Shosaku et al., 1987; Ribalet et al., 1989) and takes place slowly (seconds 
to minutes; Takano et al., 1990).  High [ATP] (or other nucleotide) leads to inhibition 
of channel activity by an additional direct binding of one (or more) ATP molecules to 
the channel (Lederer and Nichols,  1989; Qin et al., 1989). This second step does not 
require  phosphorylation,  can  occur  in  the  absence  of  Mg  ~÷,  and  occurs  quickly 
(milliseconds to seconds). Thus, other nucleotides (AMP-PNP, ADP, AMP, adenosine, 
NADP,  NADPH),  can  all  rapidly  and  reversibly  inhibit  channel  activity  by  direct 
binding  at  the  same  site(s).  Although  the  experiment  shown  in  our  Fig.  1 B  was 
carried out in KAXp channels  from heart muscle, evidence consistent with the model 
shown in Fig.  1 D  has been published by various workers using both insulin-secreting 
cells and heart cells (Dunne  and  Peterson,  1986;  Findlay, 1987,  1988;  Dunne  et al., 
1988;  Qin and Noma,  1988;  Lederer and Nichols,  1989). 
Ribalet et al. (1989) have demonstrated that both protein kinase and PKI can affect 
KATP channel  activity. Their  results  are  important  in  considering  the  physiological 
regulation of the  channel.  However,  results presented  here  and  elsewhere  seem  to 
invalidate  their  hypothesis  that  dephosphorylation  is  responsible  for  the  well- 
documented nucleotide inhibition of the channel. 
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One might argue that our assumption that the ATP falls quickly at the membrane is invalid. It could 
be argued that ATP remains bound to the membrane for a substantial time after removal from the 
bathing solution, and that ATP is still available to rephosphorylate the channel after addition and 
subsequent removal of other blocking nucleotides. Such an argument is difficult to counter directly, 
but  indirect  evidence  seems  to  make  this  possibility very  unlikely.  If dephosphorylation  and 
rephosphorylation are occurring over millisecond time scales, as would be necessary to account for 
the rate of channel closure on raising [ATP] (Fig. 1 B ), then to maintain channel activity over tens or 
hundreds of seconds after removal of ATP (as in Fig. 1 C) thousands of molecules of ATP would have 
to be accessible to each kinase catalytic subunit. Given the diffusion coefficient  of ATP,  Qin and 
Noma (1988)  have modeled the diffusion profile of [ATP] at the surface  of the membrane in an 
isolated patch experiment. A similar calculation predicts that the [ATP] at the membrane surface 
would fall to subpicomolar levels in  ~ 2.5  s. The  time course and extent of channel opening on 
removal of a blocking dose of AMP-PNP is constant, at least over 20 times this period of time after 
removal from ATP-containing solution (Fig.  1 C),  so that  one would have to argue  that ATP is 
continuously available to the kinase long after the solution [ATP] has dropped to essentially zero. 
Given a K  m  for the kinase of 7.6 I~M ATP (Whitehouse et al., 1983), this possibility seems untenable. 1098  THE JOURNAL OF  GENERAL PHYSIOLOGY • VOLUME 97"  1991 
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